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- ABSTRACT: This constitutes the final féport of “he second phase of the
c 7 government sponsored program, "Improved Screens for Rear Projection

'J Viewers'". It summarizes six months of theoretical investigations

- ~relating to the scattering of light by rear projection screens.

I These investigations have been conducted toward determining the

Sl relations between viewing properties and such physical characteristics

B as particle diameter, their number density, and the relative index

M - of refraction between the scattering particles and the surrounding

L medium. The results of this study have been used as specific materials

requirements for samples of the glass ceramics, Fotoform and the

M sintered glasses. : ~ f -

o T T

o)

The results of a study on the feasibility of u31ng hollow optical

M fibers with metallic coatings is given along with a digcussion of

L) preliminary nodels of two dissimilar, novel, rear proJectlon screens.

(] The last section discusses the instrumentation for testing samples

. of rear pro;ectlon screens.

M
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- KEY WORDS: Rear View Screen, Projection Screens, Light Scattering,

| Hollow Fibers, Instrumentation .
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0 ABSTRACT ’
i
e The analytical relations between the viewing properties of
T rear projection screens and such physical characteristics
A of the screens as particle diameter, number density, and

‘ the particle's index of refraction relative to the surrounding
i medium have been theoretically investigated. We have shown
?4 ' ‘how each of these parameters influences the scattering of
(7 light by the screen materialﬁ and subsequently how they
o determine the uniformity of screen brightness, efficiency,
gj B and color fidelity. Specifié material requirements for the
i next phase of this program have been generated using the
%r? 5 results of this study._r
U
*ﬁ Other approaéhes which do not depend upon light séattering
‘LJ by a volume of material are also being investigated. The
fry feasibility of using hollow glass fibers with metallic |
}Lf _ coatings is given along with a description of préliminary
EFT - models of a louvered screen and an ultraviolét;sénsitive
AL screen. ‘

Lastly, a goniophotometer to measure the light scattering ,
properties and a modulation transfer function analyzer to
measure the resolution of samples made of Corning Glass Works'

materials are described. . . : ‘ _ ,

—-——

[

R

L]

PO

J

AY

. Declassified in Part - Sanitized Copy Approved for Release 2012/09/06‘ X CIA-RbP79800873A001900010120-1 T



E Declassified in Part - Sanitized Copy Approved for Release 2012/09/06 : CIA-RDP79B00873A001900010120-1

N R

o
- RN

o
u

. G0 i

ik

I.

(O REr=AL

Introduction

This constitutes the final report concluding the second
phase of the government-sponsored program, "Improved

Screens for Rear Projection Viewers." The main objective

- of this program is the fabrication of improved rear pro-

jection screens from available Corning Glass Works'
materials.

‘This report summarizes the theoretical investigations

relating to light scattering by rear projection screens.

The conclusions of this study are presented in Section

II. The major conclusion is that opfimum rear projection
screens, for most applications, can be obtained by b
properly choosing the correct size, ngmber density, and

relative index of refraction of the scattering particles.

—

A background to the problems associated with rear pro-
jection systems is given in Section III.. Projection and

viewing problems, some terminology, and constraints

- introduced by the screen are presented. The behavior of

a typical rear‘projection screen is illustrated as well

as how the light scattering property of the screen

material determines the viewing properties. Finally, the “

influence of factors such as magnification, projection
and viewing distances, screen size, optics of the projector,

and the ambient light level are discussed.

The results of the Mie theory of light scattering are
covered in detail in Section IV. The equations based on
this theory were used to compute light scattering functions
for particles of different size and different relative
indices of refraction. These scattering functions are given
in Appendix A. Additiénal modification of these angular
scattering functions was required because of total internal
reflection and refraction at the air glass interface of the
screen. The corrected data are given in Appendix B. From
these data, parameters such as efficiency and axial gain

. are correlated with particle size. -

FFW TErga0
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" Additional data are presented to illustrate how the
particle size influences the amount of light trapped
thfough total internal reflection, how this degrades

image contrast, and how this influences the sensitivity

of the material to ambient light. The influence of
particle size and refractive index on the color fidelity
of a material is covered in detail. 'Specific material
requirements are formulated to give a rear projection
screen material that theoretically meets the contract
requirements. This section is concluded with a brief
discussion of Rayleigh scattering and why materials
consisting of particles much smaller than the wavelength
of illumination are unsuitable for use in rear projection.

screens.

" Alternate approaches directed toward other types of ~
rearvprojection screens and screen materials'afe‘dis—
cussed in Section V. The difficulty of using metallized,
hollow glass tubes is outlined and substantiated by
experimental data. Optical design and applications of

. ultraviolet sensitive screens and louvered screens are

also included.

Section VI is devoted to a description of the instrumenta-
tion to be used in evaluating samples of Corning Glass
Works' materials. Each of the five main sections of the
goniophotometer, which measures the angular scattering
properties;'is discussed. The principles of operation

of the modulation transfer function analyzer, and the
details of making the speciél{éine-wave resolution target

are then covered. .

 Three appendices follow which present the raw'computer
data, the converted data, and a list of the three programs
used to compute the light scattering functions and perform .
the necessary modifications discussed in Section IV.
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- II. Conclusion

.

LJ l. An analysis of the computer data indicates that

- | the angular galn functions of partlcles with

LJ 1dent1cal sizes but dlfferent refractive 1nd1ces

' are similar. The axial gain (g = 0) differs at

[} ﬁost by 5 percent at ¢ = 5 and by only 15 percent

- at d = 10. The major difference being for M = o,

B which represents highly reflective particles.

{j The most obvious difference between the scattering

- . functions corrected for refraction at the air glass

jj 4 | interface and those which have not been corrected

'#J is that the former are somewhat broader. e
a ‘ |
§1J The contract requirements for uniformity of screen

%fﬁ - _ " brightness and efficiency are met by particles in ~

§L9 : the size range 1.75 < ¢ < 2.25, where g is the ratio
;r* : of the particles' circumference to the wavelength

Al , of illumination inside the medium. This dictates a

%f? particle diameter from .2 to .3 mlcron. Thus it

%LJ, can be expected that on axis these screens can only

i[’ be from 3.0 to 3.5 times brighter than a unlformly )
i ! diffusing screen. |
i |
;L; The efficiency of the screens is strongly influenced

B . by the particle size. For a value of g greater than
ZLJ ‘ ‘ '~ 970,y, losses through backscattering are insignificant
ﬁj " ‘ comparéd to thoseproduged by total internal reflec-

. tions. Losses throughginternal reflections become negligible
'Fi“ 'g : | beyond ¢ = 4, except fuf reflecting metallic particies.
T ' : The major factor limiting the use of large particles
%j' ' is the resulting non-uniformity of the screen. Thus
e the low efficiency materials are the mosf sensitive

in . to ambient light.

S

. The refractive index of the particles is relatively

. unimportant in determining the shape of the scattering
o | | |

m o PP e
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function, but strongly influences the color char-
acteristics. The further the relative refractive
index is from unity, the better the color fidelity

of the material.

An expression relating the reduction of contrast

in an image to the fraction of light internally
trapped in a material has been derived. It shows
that if half of the trapped light eventually passes.
through to the viewers, the reduction of contrast

is linear with the frdaction of light trapped.

Rayleigh scattering theory has been considered and
the general scattering function investigated.

Separate terms in the scattering function have been

. individually considered and numerically evaluated to

understand better how they contribute to the scattering
function. We have been able to show. theoretically that
rear projection screens made from Rayleigh scattering
méterials are unsatisfactory for a number of reasons.
First, although their scattering functions are very
broad and uniform, these screens are inefficient and
have low brightness gains. Second, the resolution

of such screens is correspondingly very low. Third,
the strong wavelength dependence of the scattering

function and scattering cross section impose nearly

-impossible constraints which, when not met, result in

screens which have very poor color characteristics.
Applications for these materials probably lie only in

0] ] ' ‘-
‘low gain, low resolution, monochromatic screens.
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Bacquound of the Problem

The function of a rear projection screen is to accept
an image from a projector on one side and present it
to viewers on the other. To do this it must diffuse
and re-radiate the incident illumination. The types

of projectors in use range from' television screens to

conventional slide projectofs. The effectiveness of .

such a display system is governed by the light
scattering characteristics of the screen and by the
geometries under which it is illuminated and viewed.
The scattering properties of various screen materials
have been discussed in a number of good articlesl—7.
Thé viewing properties of rear projection screens are
determined by their light diffusing characteristics

- and also by internal reflection and absorption. The

behavior of a typical rear projection screen is

- illustrated in Figure 1. de rays of light are shown
incident on the screen, one at point A, the other at B.

V. , R ,...__.‘- ) p

v

| 5Dec|assified in Part - Sanitized Copy Approved for Release 2012/09/06 : CIA-RDP79800873A001900010120-1

" Figure 1. Typical Rear Projection Screen Geometry
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Continuation of the line representing the incident ray

through a point at the screen establishes the principal

axis for that ray. The scattering function for that

- point on the screen also has its axis colinear with this

principle axis. An observer at 0 will view point A along
its principle axis, but he will view.point B at some

angle off-axis. The intensity of point B is determined
by the angle DBO, at which the scattering function must
be evaluated. This angle, g, termed the "bend angle, "

is a function of the size of the screen and the pro-

jection and viewing distances.

The scattering function of any material is obtained by
measuring, with a goniophotometer or comparable g
instrument, the brightness of a narrow, paréllel beam of
light as it is spread out by the screen. These 1ntens1t1es
are then normalized to a reference taken to be a perfect
isotropic diffusor where the intensity of the scattered
light is uniform and independent of the angle §. These

data are called gain curves. *

Screens which do not diffuse as uniformly as the isotropic
screen will appear brighter over a certain range of

viewing angles. The angular gain curve will have a value
greater than unity in this region. Because a diffusing .
screen is a passive element which ddes not add'energy to
the light passing through it, any increase in gain above
unity for one viewing position must necessarily result in

a gain less than unity at some other position, Figure 2.

It is important to note that viewing requirements

generally call for greater viewing angles in the horizontal
piane than in the vertical direction. This necessitates

a screen which is anisotropic, i. e., the gain curve should

be broad for the horizontal plane and relatlvely narrow for

. the vertical plane.

. The intensity ratio between the light incident on the

transparency and the screen is. equal to the ihverse square’

FEREr=enrn e
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of the magnification. Thus, if £hevscreen can be made
half as big, it will require only a féurth as much power
to illuminate, and the bend angles will be considerably
.smaller. The closer the screen is to the audience, the
larger are the bend angles; hence, the difficulty of

maintaining a uniform picture increases. The width of

T

the screen also has a comparable effect. The wider
the screen, the greater the range of bend angles; hence,
the problem of projecting an acceptable picture is also

more difficult. Bend angles are increased by using

short focal length projeééion lenses placed closer to

the screen, or by increasing the £/No. at which the pro-
jection lens is operating. The faster the lens, the more,
light can be projectéd on the screen; however, this also
increases the bend angle and may require a lower-gain
'screen to maintain sufficient uniformity of illumination.
It is important to note that the screen may be brighter
overall for an observer at the center of the audience

than for one near the edge. It has been found, however,

B

that it is more important to view a uniformly illuminated

‘image than a brighter non-uniform picture. In any case,
brightness must be sufficient for all to view the display

with comfort.

2

T<41L “ 3

|
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IV. Theoretical Investigations
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Mie Scattering

1.

"about the same size or larger than the wave-

Theory

The light scattering characteristics of the

materials to be investigated are given by the

‘Mie theory of light scatteringg. This theory

is founded on the general solution to the
boundary value problem of an isolated sphere
in an electromagnetic field. Although this
theory is very géﬁeral, it finds primary
application when the size of the particle is

length of the incident ‘radiation.

The important equations derived by Mie for

both polarizations of the scattered light are

3 v
o g T2

Ti (0) = [ (Agmy + Bplxmy = (= x9)m 1) 1, ()
n= - : . ‘

I.() = [z (A [xn, - (1 - x?)
n=1 '
where Th and nn' are the first and second derivatives,

2 .
ﬂnI] T Bpmadl, (2)

»witheregpeétftotxh dﬁqthéﬁtegeﬁdreﬁpoiynohialéﬁpﬁxx)

of iorder: n-with x=yscos §, and

o - das_(g) . as_ (a)
NI Lt SRR S s S Cramm
L n (n+l) as_(g) ag_ (a)
N P
| ' as_(g) as_(a)
n+3/2 M*S_ (o) —=—- S_(3)——
B = [(—l) (21‘1'*‘1)][ n'%’ 3g . 'n ] (4)
n n (n+l) as_(g) . dg_ () ¥
, : M*én(a)——ag——_ Sn(g)—a;———
” - L
where Sn(@) = Riccati Bessel function = (%?) '

Jn+%(a)': ﬁn(a) = Riccati Hankel function =

F@NFTD IR,
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o=

. n ’5 J ((1
Sn(@) + j (=1) (2 -n-% , and Jn+%(a)
and J-n—%(a) = Bessel functions of half integral

order.

Thus, the only'physical parameters are:

- The angle~e, between the direction of propagation

of the light scattered and the direction of the
incident light, Figure 3, |

and

M*q = o (M - ik) - (e8)

where - D = diametef of spherical particle
A = wavelength of incident radiation
in surrounding media‘
M = index of refraction of particle
‘relative to surrounding media
k = extinction coefficient of the

particle material

ScarTeRens;
INTERSITY

SoatTTeR NG
Pretiole

~ INCIOENT BEAM

Figure 3. Scattering Geometry
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To solve any given scattering problem requires
tables of the real and imaginary parts of A and
B_, tables of the Legendre polynomials and their
10-14

then combined using a desk calculator or prefer-

ably a large digital computer into vaIues of

"I} (8) and IrL(g) from which the angular distribution

function "I(g)" is obtained

‘Iy (g) + Ip(e)

"I(p)" = —p— > S

where the scattering coefficient, i. e., the ratio
of ‘the scattering cross section to the geometrical -

cross section is, ! \

5 Gaj?+yB]%- (8
Hartel15 suggested that Equations (1) and (2) could
be simplified in form by the repeated use of
recurrence relationships between the derivatives

and products of Legendre polynomials. Recently

Chu and Churchill succeeded in rearranging of
radiation scattered by nonabsorbing spheres in tefms

of a series of Legendre polynomialsl6,

oo}

1 ° | 1

I (g)"= o g a, (ayp)P (cosg)= -t f; § a P_(coss8),
n= . ‘ n=

(9)

- where the coefficients a, . are functions of g and

B, but not of the angle, and are given by

2) (1) ° 2

i
a_ = ¢ (s——=77){(2n+1) (10)
" o%K(g,8) =1 kel * *OIK '
- | | 2
(i+1) + k(k+1l) = n(n+l).
[ -2 3 Wikn"5% ViknVix! s

QO
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where

0 for j # k
=k

= { J
jk 1 for j , (11)

o S s
O"

ij}= Re(Aj)~Re(Ak)‘f Im(Aj)-Im(Ak) + Re(Bj)-Re(Bk)

+. Im(Bj) ‘Im(Bk) , (12)

LL N . .LA P

Vi =_Re(Aj)-Re(Bk) + In(a;) -In(By) + Re(B,) “Re(ay)+

&3

Im(By) - Im(ay), (13)

=

ikn 0, if j+k -n# 2r, r=0,1,2...k, (14)

T3

. ' . 2
(£.3+n-%) (Lk+n-3) ( j+k-n) ( 1ED)

_El  Vjkn  itne 23

= (L3+icenel) (10N ( K=ty dokem,

ﬁE = aw, po= D,

ik .

_ Vixn = 0 if j + k - n ¢ 2r‘+ 1, r=0,1,2...k(16),
iR and

o | -

| | - . ;
(2n+1)(j+k_n)(j+n-k+1)(k+n_j+1)(Lj+n_k+1)(Lk+n_j+1)(Lj+k-n_1)(Llihgﬁii)

jkn . : .
4(L i) [ (ARSEEL L Rinadrdy () dtkens 1)3

where ~Im = Imaginary part; ’
Re

Real part,

~
]

Factorial.

fTV1 Bl “Tf TAR
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The advantage of expressing the angular‘distri—
pbution of intensity in the form of Equation (9)
rather than Equations (1) and (2) is obvious.

The intensity at any angle for which the Legendré
polynomials are available can be computed from a
set of coefficients for a given g and M. In
general, the number of significant terms in the
series is about eqﬁal to 29. The Legendre poly-

nomials are available at one-degree intervals,

and their behavior is better known; interpolation

with respect to 9§ can be done more accurately

than with I, (g), I, (8), "I(9)", or the tabulated
derivatives of the polynomials. Interpolation with
respect to o and g is also easier with the
coefficients a_,than with IH_(G), I,(p), or "I(s)",
and need be carried out but once for all angles.

Additional advantages of the representation of the

angular.distribution of scattered radiation by

‘Equation (9) can be noted. - The power scattered into

any regioh, and particularly into the forward and
backward hemisphere, can be obtained by simple
analytical integration. By assuming that a particle
receives power only from adjacent particles having
the same multiple-scattering distributions, Hartel
developed the following equation in terms of the same
coefficients ag. for the angular disfribution of the
k-th scattered radiation in a dense dispersion:

k
n

@ a
"I, (g) "= ——[1 + ¥ {
n=1 (2n + 1)

—T}P, (cos g)]+ (18)

It is somewhat simpler to evaluate (9) than Equations

(1) and (2),because only values of A and P_ (cos g)

Ny7_19
are required and are easily available™ '~ ~~. However,

the tables of a and P (cos g) are very limited,

‘ {;JITF“FP Pr(\
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AL
while the tables of Ao and Bn are by far more
complete, i. e., they have finer divisions of

« and M and cover a larger range of particle sizes.

 For these reasons, Equations (1) and (2) were used

for the single scattering investigations. The

angular coefficients approach will be utilized

~1f a study of multiple scattering is necessary.

Mie Scattering Theory Applled to Rear Projection
Screens
The screen must not only diffuse the incident
illumination but do it efficiently as well. The
efficiency EFF(M,q), is defined as the ratio of the
scattered light IS’ forming the image which passes
through the screen, to that incident Io, thus,
s : n/2'b 4 ; ‘
EFF(M,q) = gm’f - I(M,0,06)sin g dp

I’O o

where IO is given by

il

I, ='P.2H'Jo I(M,q.,8 )51n o do . (19)

The angular gain of a scattering material is defined

as the ratio of iﬁtensity of the light scattered

‘at a given angle by any given material to that.

scattered by an isotropic radiator.

Let I(g) and Ii(e) be the angular scattering
functions for an experimental sample of material

and an isotropic material respectively, and let
I'(p) and I,'(p) be the angular scattering functions

normallzed to the respectlve incident intensities

I'(M,q,0) = nI(M'a'e) — + (20)
. S ‘ gﬂj I(M,ap)8in ¢ dp
. o) .

TR A
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=15-

Ii’(M,a,e) (21)

2n[™ I(M,qp)8in.g do
o . . ,

Since the one diffuser is isotropic, we know that

Ii(e) = Ci;whence, (21) becomes

liM'. =i - = 1 ¢ | 22
M, 08) " mo, &y | (22)

1
5
¥

By definition, the angular gain function, Gain (g),

is
Gain (M,a'e) = I'(M.are)/Ii'(M'd,e) . ‘(23)

4UI(M1(I 9)
j I(M,a,e)sm e de -

"To simplify the equations which?depend upon M,q,.

and 0 as much as possible throughout the remainder
of the paper, only the parameter § will be indicated;
and the other parameters will be implied.

A computer program titled "Mie III" to compute

Iy (s), Ip(e), (Iy (8) + I1(8))/2, Gain (p),

EFF (M,q), and the per cent polarization has been
written and tested. (See program Appendic C.)
This program has been used to compute scattering
functions for M= .8, .9, 1.05, 1.20, 1.30, and
infinite for values of g from 1 to'lo. Since the
values of the angular gain function are the most
important parameters, they have been separated from
the other data by "Mie-~-Compressor" and have been
printed separately. They appear in éata‘Appendix A
along with plots of these data.

COE [EEHTTEL
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The angular gain functions are very similar to

each other differing at most by only 5 per cent

(G R G R

at ¢ = 5, and 15 per cent at g = 10 among the
different values of M at g = 0. This is not only

because curves of equal ¢ have nearly equal gains

at § = 0, Figure 4, but because their shapes are

-

—
[

so similar. It must be concluded, then, that the

refractive index of the scattering particles,'

. relative to the surrounding material, is not a

significant design parameter when considering

Lt

only the uniformiéy of the scattering function.

The correlation between efficiency, the particle

. o
\.4.]

4
!

size o, and M is given in Table I, and Figure 5. They

]

‘show that little is gained .in efficiency by increas-

i
b

ing o beyond 2.

Figure 6 is a graph of efficiency versus gain at
8 = 0 and is redundant data to Figures 4 and 5,

but it is useful for visualizing the reiationship

between these two parameters. It can be seen that

7

the efficiency remains constant for all values of
M beyond a gain of about 3.75 which corresponds to

3

an g of about 2.

*The only major difference in any of these curves

u

is for M = », which represents highly reflective
metallic particles. Screens containing metallic
particles are by far less efficient than those with
finite values of refractive index. The scattering
function shows many lobes, but in terms of the gain
function, little detail can be seen. Because of

the lower ‘'efficiencies, the gain curves are much

e il e IR s B e B

“

different than those for corresponding g at finite
values of M. '

o

This analysis is only valid inside the diffusing

Y

material because, in general, there will be a medium °

E

A—j
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" Table I. The Efficiency EFF as a Function of ¢ and M

o/M .8 .9 © 1.0 1.20 1.30 M=00
1 .6413 6432 .6472 .4554 .6580 .3371
2 .9186 .9351 9596 .9766 .9784 .7621
3 .9945 . .9942 .9853 L9821 .9825 .8281
4 .9922 .9940 .9957 .9895 .9787 .8500
, 5 .9975  .9977 9978 .9945 .9884  .8710
6 .9972 | .9988 - 9981 - .9966 .9908 .8848
Y 7 .9988 .9987 .9994 .0000 .9911 .9010 3
= 8 .9982 .9995 .9993 .9973 .9903 9109 =
iy 9 ! .9991 .9994 - .9994 ~ .0000 . .9864 .9202 % L
tj 10 .9988  .9996 L9996 .9976 .9803 .9255 Q v
3 =
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E} _ ' of different refractive index around the screen,
— . and light emerging from the screen will be
i :
Lj ‘ refracted at this interface. The correspondence
l V between g the angle inside the medium and g
[j - outside is given by Snell's law.
- o ' S, | . '
| » §' = sin (n sin g) o (24)
'where n is the relative index of refraction

between the screen material and the surrounding

medium, usually air.

This refractive index boundary also modifies the

S~
1t
-

intensity of light passing through, depending upon

im its polarization. The reflection coefficients for
L ‘ .
L4 the parallel and normal components are given by
i | . 2
L - (s8in (o - 98"') ,
T
1 .
L _ (tan (g - g') 2

Rp(8) = (tan (6 +8") ) (26)
—
- where parallel and normal refer to the angle between
’T‘ the electric field vector, and the plane formed by
s .
L the incident beam and the reflected and refracted
P components, Figure 7.
L
s
L ' TRANS R TTE O
- \9' CombonenT
- OITSIDE_oF Diff s
S INCI DT 6 Reflecie d

v : BEAM - ComponenT

L |

Figure 7. Refraction Geometry

r,v_ o }
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SR If there is no absorption, then all the other

jrj S S light must be transmitted and the two transmission
L coefficients are

TR o , f“ ‘Tyele) = 1 - Rglp) » (27)
= : - 3 |

‘ ' and

[ ; . . .

S © Tp(e) =1 - Ry(8) (28)
- .. Figure 8 shows Ty(g) and T,(8) as a function of

[ L . the angle §. They both must be zero beyond §' =

f~ .+ - - " sin7! (1/n) as this is the critical angle 8, inside
U T R :'f .. the medium, ,,;
. ”j o " This refraction of the scattered light for n > 1

Cipe o acts to broaden the scattering function which helps

to make the screen illumination more uniform. Any

: péncil of light making an angle with the normal to’

é'\ o 'j - the boundary greatef than 8o’ will be totally

B L internally reflected regardless of its polarization.

?,‘ v .. For n=1.,5 g, is about 42°., The resulting intensity
' " I'(g), taking into account these losses, is

jfﬂ{’f  [ :f;' 3 I'(p) = Ty - Iy(e) + Tp - I;(e) (29)
i fé? 5 . where I (g) and I, (8) are the two polarized com-
Y B ponents of the scattered intensity. Therefore, a

j z - -
E i new efficiency function, EFU, must now be defined as o
ST 2. e | :
T 0 CEFU =T [ 7 [Ip(e) Tple) + Ig(e) *Ty(e)]éineas(30)
T e S o o .
e ; | ’ |
. ¥ «;' Correspondingly, the fraction backscattered EBU is
R | . . ‘

‘ 0 oo _
- .! '..‘ e I; /' .
- ./ EBUS= —E-j“ [I (¢) *Tp(g) + I (8) *Ty(0) J8inp&B(31)
?r( . L '/f . Clearly, the llght which is scattered between §
- DA ~ and m - 0, is internally trapped by total 1nternal
. r_,“ ' ™ . »

l‘h":"'x . C F(\[\FF Prl‘]T‘l‘}': h‘ )
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reflection until 1t“1éwscattered at an angle

less than ec or greater than ¢ - ec; The

fraction of the light trapped is

ETU = 1 - (EFU + EBRU) . (32)

A second computer program, '"MIE-S3", has been

written which adjusts the angular gain functions

for refraction and losses owing to reflection at

the screen-air interface. The data on*the_corrected
angular gain functions are given in both tabular

and graphical form in data Appendix B. Tabular
values of the functions EEF, ETU, and EBU are

also given.

The data, Gain (g), is not strictly valid beyond
o = 5; however, for g greater than 5 the Shape of
the Gain (g) curves still give some measure of .the
increase in the directivity with the particle size

parameter ¢ .

The most obvious differences between the data of

Appendix A and B, are the broadening of the gain

functions because of refraction at the air-screen

interface. This can be seen by comparing the angular
gain functions for different M and equal ¢. Even
through the gain functions are more uniform, the gain

at 9 = 0 is not significantly different from the
uncorrected data. This was to be expected as there

is no refraction and the reflection losses amount to
only about 4 per cent. There are considerable differences
between the old and new efficiency functions, EFF and
EFU respectively, particularly at the smaller. values of
a. Figure 9 shows the distribution of intensity

petween the three functions, EFU, ETU, and EBU as a
function of ¢, for six different values of M. The back-
scattered fraction, EBU, is very small compared with

the fraction ETU which is internally trapped and is
responsible for the major portion of the losses.
Backscattéringvis only significant for values of

o less than 2, except where M is infinite.
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'31' o The fraction EFU contributes directly to the

- - image, while the fraction ETU adds an ambient

 §1 , light level which degrades the image by lowering
M - contrasts. Generally, less than half of ETU is
Lo . effective in terms of directing trapped light out

of the front of the screen to viewers.

To see how ETU effects the cdntrast of the pro-

u;'-

jected image, let the contrast y of an image be
defined as -

, v ='Imax - Thin _Cc -1 J (33)
‘ Imax + Imin c+1 :

where I and I . are the maximum and minimum
max min ' '
intensities of some type of bar pattern; C is
called the contrast ratio, C = I X/I .. When
ma min
a screen is illuminated with a pattern of a given

contrast ratio, energy from all parts of the

e e S A s I

pattern contributes to the total amount of light
trapped. Of the total amount trapped, only a

-y

given fraction V will pass through to the viewers.
Thus, the contrast Y of the final image can be
shown to be

an

- E _ 1 .
<
o
|
<
O

(34)

where

1

B EFU
YT T EFU (1 - 2V) + 2V ¢ (35)

and where Yo 18 the contrast of the pattern for

T3 3

ETU = 0. The contrast, y,, being a function of the

efficiency EFU, acts to reduce the contrast of detail

on the screen.

For V = 1/2, (34) simplifies to

'DA]

™3

CONFIDENTIL
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where the contrast falls linearly with the
efficiency, EFU. The backscattered component

UA;

only decreases the overall efficiency and has

little affect on image quality.

[__J

‘4 r :

' The sum of ETU and EBU is a measure of the
screen's sensitivity to front lighting. This

is because only the light which enters the screen

-

from the viewing side, and is either béckscattered

or trapped, is of concern. The amount which passes

—

completely through the screen has no direct effect
hE ' on the quality of the projected image. Ideally,

—

all of the 1light from the viewing side should pass

through the screen. In general, the more trans-

[‘ A<}

mitting, i. e., the less diffusing the screen, the

less sensitive it is to ambient light. This is

important because in many applications the display
- will be viewed with a certain amount of room light

{E?iw

present. The dgreater the difference between the

ambient intensity and the screen brightness, the
better will be the conditions for obtaining good

quality on the projection screen.

(N A

An unsatisfactory solution to this problem often
used is to put a light absorbing material into

the screen. The absorptidn tends to reduce the
sensitivity to ambient light by absorbing a large
fraction of it. However, it also r educes the
overall efficiency of the projection system by the
same amount, and in many applications where total
power is of utmost importance such losses cannot
be tolerated. The light which passes through the
screen should not illuminate any highly reflecting

objects behind it, as rear projection screens are

very sensitive to stray back illumination.

T
N
i‘l

M

i

R

~ B et a AT
(‘3 e o v_.\'r\n‘ ' f Ak
Sy : e Line

in R 7 ' . e Lot s L‘t.t : .
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Along with parameters such as particle size and

I i N

relative refractive index, a given material can

—
[

7bgﬁnbfj,uh‘

be characterized by the particle number density
and its associated thickness. Thus far we have
considered scattering only by a single particle,
whereas practically, we are concerned with the
combined scattering of billions of particles. One

of the most important parameters is the scattering

cross section Ogt of the scattering particles.

This has units of area and represents the effective

i

cross-sectional area of the patticle which produces

1 - - scattering.

o Another parameter closely related to the scatter-
f“" ing cross section is the efficiency factor K,

g which is defined as the ratio of the scattering

e cross section to the geometrical cross section

1 og,>also called the scattering coefficient.

=

o K=og/0g (37)
s L

. For a sphere Oy = naz. Therefore, K is a measure
%;J of how efficiently the area Og produces scattering.
g

%rq The total scatte;ed intensity IS’, per geometrical
e cross section is

n

L o - T ! = .

i . I I, K. | (38)
in

% L Using (37) in (38) we get

,%7

Sl I ! o] . )

| T = =, - (39)
;[} o Og

in . This takes into account only the light which falls
ﬁLJ on a geometrical cross section rather than on a

. unit of the material containing scatterers. The

M
=

E@[FL BLL::U\: “ va R ”.
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i

¥
i

fraction F of the incident light being scattered
in terms of the number of particles N, the area
A of the material being illuminated; and the

scattering cross section are

1

—

r
[ —

I Ng
| o
The ratio N/A in (40) can be written in terms of
the particle number density p, and the thickness
T of the material as
L g =T . (41)
Thus, (40) becomes
L F=x =pT gy - | (42)
. o]
| .
. This assumes that each particle is completely
™ illuminated, which actually never occurs asthe

SR 4 particles nearer the front side of the material
shadow other particles which lie further into it.

From theoretical considerations, it can be shown
that ‘

)

—
L.

,
e~Kma“pT) (43)

]

IS = Io(l -

[

3

Thus, for F = 1, the per cent of the incident light
scattered is IS/IO = 63 per cent; for F = 2, IS/IO =

L«

31

- 86.4 per cent; and for F = 3, IS/IO = 95 per cent.
_ Following this, the material must be infinitely
:F‘ thick for all of the light to be scattered. The
'F” ;  question is: for what value of F is enough of the
o _ , ' light scattered so the specular component is ,
B : ' E  unnoticeable? There can be no definite theoretical
M answer to this; however, this limiting value will be
= determined experimentally.

r—ﬁr‘\"*r‘h i

i : . | _ (UL\ub L'“L\IL&\
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This can be done simply by measuring the intensity

“of the specular component for several different

thicknesses and evaluating the exponent of (43)
for the thickness which has the optimum amount of

scattering.

- To ensure color fidelity of the projected ihage,

the scattering coefficient should not change
rapidly with ¢. For example, if a particle is

© illuminated by two different wavelengths, A =

.45 micron and K2‘= .65 micron, the ratio of the

two g 's is

.

. -
_2 N eV
ay Ay

The scattering function for kl and xz is determined

by the scattering functions evaluated at ql'and .

0oy respectively. Therefore, if the angular >

scattering functions are significantly different,

as in Figure 10, and the power spectral density is

uniform, the center of the screen would have an

excess of blue while the edges would have an excess

s
of red. A good color balance would only occur around
0g°

G ( & )

quums&%u;

Figure 10. Poor Color Balance Resulting from
Differences in the Shapes of the Angular
GAin\FUhct i6HsTat! Two Wavelenaths. )

i -
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. The ‘scattering coefficients are plotted as a

o TR RIS St

Vifvfunctlon of o for different values of M, Flgure

v}ll. The 1mportant parameter is K ,the ratio

‘*f'Thls ratio is plotted as a functlon of o4 in

- o of the scattering coefficientsat the two values
TN ; y ol
;jf“ . K(M,qq) | .
- K. (Maq) = ﬁTﬁ:E;T e | (45)

.j} _?r“'i   -ft';;fﬁ'Flgure 12. The limit of K. (M, al), for small alpha,
1 }? . ,. ,. ”H  -: is.. (1.445)4 = 4.36,which is'the limiting case of
ik P _5;ff;¥;¥; Rayleigh scattering. K_(M,q;) = 1 implies the
; t%lf,' o jf'iﬂj scattering cross section at o, and q, are equal,

_ and the intensities of the scattered light are
.~ *  the same. When Kr(M,al) = 2 the scattering cross
. section at oy is twice that at az.

(iR - R -

. ;l: : wnzﬁfff l Using Equation (43). and denotlng the ‘scattering
' | - coefficient for ay by Kp» and for q, by K., we have

rtﬁ o O e O e O e Y s s e Y Y e [ s [

1 I . . 2
;fl =1 - oKy mae T, _ (46)
R _
and
) .j'yi . : : ' N _Iiz_--___. 1.- e—Kz ma pT e R (47)
N o o
x The ratio R of the scattered intensities is

k ‘ I K na2p T

- g sl . l -e 1 .
P ) T . =R="T"¢ 27,7 (48)

' i s2 lee2 T , ,

; A

© " Now let

/ - ':’ o v_ 4. ) T - ‘v .’ ,. '..!'.'.' iiv )

E@E\EH@WT m
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or

L . o ’ “nasz = %L : (49)
| 1 | |
U is referred to as the "optical density" of the
scattering material. For an optical density of
- unity, U = 1, the intensity of the unscattered
beam has fallen to'%'its initial value after

passing through a. thickness T.

Using (49) in (48), we have

- ' : p -U

o ‘. » . T 1_;“$K2/K1 a | 50)
M ’ : -

» Solving for the ratio of scattering doefficients
 j at the two different wavelengths, we have

i : K_l_= U R .. (51)
. - . Ky 109elg—T 727v1

EfW _ . o

L - ~ The ratio Kl/K2 is plotted for U = 1 as a function
I ' ‘ : of R, Figure 13. Thus, by specifying the maximum
?4 B : - tolerable ratio of the scattered light at two |
- different wavelengths and the "optical density“

5&4 v - of the material, we have defined the maximum per-
i"’ missable ratio of the scattering coefficients. As
:r; ‘ an example for U= 1 and I,/I, = 1.5, we see that
. Kl/K2 must not be more than 1.85.

(-

irw' 'V' Clearly, values of R and Kl/K2 near unity are the
i o - most desirable, because the degree of scattering
&ﬂ "'/XA is then independent of wavelength and only differences
1; ' lfs between the two gain functions for oy and o, are
o - responsible for any residual color. When

, - e ol
t T .

. < : |
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Kr(M,al) > 1, a greater fraction of blue light

:[T is scattered, making the color characteristics

- of the material more undesirable.

JQ The refractive index is therefore a significant
e design parameter, but in an unexpected way it

'fg can be seen from Figures 12 and 13, that the

Wj most promising materials have refractive indices
L as far from unity as possible but not infinite,
'Hj i. e., the best volues of M are .8, .9, and

o particularly 1.30.

i *. ’

%LJ Requirements in the contract specify the angular
5r7 gain function should not change by more than I
§LJ +15 per cent over a viewing angle of +45°. This
%rw requirement, in terms of the gain function -

%LJ already computed, is shown in Figure 14. The

irw ~ ordinate is the variation in intensity from 0° to-
éLJ +45°, 0° to +35°, and 0° to +25° plotted against
EFT particle size o for different values of M. It is
. desirable to use the largest particle size practical
S because of the higher efficiencies and less

Eui , ,degradafion of the projected image by light which
GF’ _ | - is trapped. Clearly, the major factor limiting
APJ . ., . the use of large particles is the resulting non-
£ , : ‘ uniformity of the screen. As can be seen from

§f> ’ ' Figure 14, the uniformity is a very critical
function of the angular limits and q.

To strictly meet the requirements set forth, the
particles must be no larger than o = 2, which
means the gain at § = 0 will not exceed 3.5; the

v - " overall efficiency will be somewhere near 65

}— A per cent with the remaining 35 per cent of the

/ ‘1ight being trapped. This trapped light will

- - o g reduce the contrast of the image by almost one-third.

(‘r/ﬂr! [y '_\4‘;“”'1' [‘""“. 1" l‘ﬂ —™

|\|’:.
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t; If, on the other hand, the limits of uniformity
- are chosen to be t15 per cent over +35°, we see
Lo " the particlé size now moves up to g = 2.75; the
e | gain at § = O moves up to a value of 4.75; the
s ’ ' efficiency significantly improves to a value of
‘Ti - - near 80 per cent. The contrast is lowered by only
- '. : ‘ ~ 20 per cent rather than 33 per cent, and the color
o _ . fidelity is better. The second screen would be
= : 34 per cent brighter than the first in the center
| and 11.5 per centdbrighter at the edge. This
- _ , second criterion is only used as an example to
o1 ~ , ' show the improvements in efficiency and contrast
e ‘ by using slightly larger particles which give a
o | 7 o highef:gain, higher brightness screen. This type
.?; :] . of analysis can be easily carried out rapidly for
i v p'n' any given set of criteria using only the graphical
- Lo " data. ' |
T : * The particle densities required are govérned
- ‘ - primarily by the thickness of the samples. The
w7 - ~ thinner the sample, the higher the density of
™ ' » : v' . scatterers required to maintain the same amount
Lo . of scattering.
th7 ‘
. Thickness and shape of the gain function are the
— main parameters limiting resolution. We are
" working toward an initial resolution of 10 lines/mm,
%; and the desired goal is 20 lines/mm with the MTF
% ‘down only 10 per cent to .9. This will require
- a very thin scattering layer which may possibly
L have to be bonded to a thicker transparent sheet
;j for structural support;. Initially in our
. materials program, relatively thick samples will
- , be requested to facilitate handling and slabbing
L ' into thinner sections. |
T
3 '
e
- T _ CRETIE e ﬁ~
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Specific Materials Requirements Based on our
Theoretical Studies

Specifically, we have already requested samples

of glass-ceramic materials, FotoformR, and

© sintered glasses which have the properties listed

in_Table II. The numbers on the left side of the

Table II. Mat&ridls:Requirements

G."t'"2‘ ,C(,=3 .0‘=4
M/D  .28u ° . .42y .55 |
.8 8.9 x 101° 1.6 x 1010 5.2 x 10°
;9 3.3 x 1081 5.8 x 1010 1.7 x 1010 2
1.3 2.9 x 1019 5.1 x 10° 1.7 x 10°

table are relative refractive indices between
the particle and the surrounding medium, those
across the top are the required diameters of the
particles, corresponding to values of ¢ of 2, 3,
and. 4 respectively, for \ = .65 microns. 1In

the body of the table are the required number
density of particles in number/cm3. The diameter
and the number density are to be held to within
+10 per cent of the values specified.

It is essential to know exactly the physical
properties of the samples of materials if these
data are to be correlated with the theoretical
work already completed. To aid in this, electron
photomicrographs will be made of each sample for
determining particle size, size distribution, and

the particle density.

It is hoped there will be enough glass from each
small melt to yield, after cutting, at least eight

pieces measuring 40 mm x 18 mm and 5 to 7 mm thick.

P . »".\m—-\.:- AN
3 ' .
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Any two pieces cut from the same melt will be
expected to have identical properties. To

~ ensure the shortest turn around time from one
set of melts to another, at least one-half of
every melt will be directly forwarded to us for
preliminary optical evaluation. Detailed
evaluation will begin later, after electron
microscope data have been obtained and the
physical properties of the melt determined.
Thus, we have started the third phase of this
program, which isdthe evaluation of Corning Glass
Works' materials for épplications in rear pro-
jection .screens. '

Rayleigh Scattering

The mathematical formulations of Mie scattering theory,
although elegant, are correspondingly involved and
time consuming to carry out. Further, it is difficult,
if not impossible, to examine separate terms relating
to different parameters. However, when the size of
the particles are small compared to the wavelength of
illumination, their scattering properties can be
described by a much simpler theory first proposed by
Lord Rayleighzo.

N 'Theory

Consider an incident electromagnetic wave perfectly
monochroﬁatic and linearly polarized, with the
electric vector along the x axis, and moving in

the +z direction and is incident on a particle

at the origin, Figure 15. Let the amplitude be
unity and the phase angle be such that in complex
representation the field at the origin is

= -~liuwt - -
Ex = e EY = Ez = 0

e N T

. A : EE -
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Figure 15. Coordinate System to Which the
' Scattering Geometry ' is Referred
The result of the particles being subjected to
AN this field is that each of its elastically
e bound electrons is set into sinusoidal .oscill-

- ation with frequency w, and with the same phase

)

angle. Since the particle is small compared

with the wavelength, the net scattered wave is

r——
L

just that which would be radiated by a single

fj q

dipole oscillator with some dipole moment P.-

“

It is this property of the scattered wave,
guaranteed by the smallness of the particle
compared with the wavelength, that characterizes
Rayleigh scattering. Throughout this discussion,
it will be assumed that only scattering is

L ' responsible for removal of light from the incident,
| | collimated, unpolarized beam, i. e., no absorption

nor reflection will be considered.

%FTf‘ ; - - The scattering cross section for these particles

Fﬂ””’ o is given as

o - . . . . m’_‘ ‘\r‘\‘;“_"—‘J;“.r’
E'! f . . ((J|\\LJL - u\l;
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where 3 is the polarizability of the scattering -
material. In general, 8 is a complex vector
because of absorption and anisotropy of'the
particles. - This can be written '

-\B\2=‘12,\5xl’ +J2\t$yl2+k.2\ﬁz\2

where i, j, and k are the direction cosines of the

" incident electric field with respect to the three

main axes of the polarizability tensor.

Assuming independent spherical partlcles, \512
has been found to be 21 '
2 6 M2_1 ° |
Bl T =an | T (53)
M™ + 2 '

where a is the radius of the particle and M is the
index of refraction of the particles relative to

the surrounding supporting medium. M is real only

when there is no absorption. The scattering cross -

section for small spherical particles using (52)
and (53) is

ECE SO S N (54)
og = 73 | ‘
. SR -

The angular intensity distribution of scattered
light is

where r is the distance from the scattering center.

The gain function is, therefore,

Gain (g) =

N (e8]

(1 + cos? o) - »(56)

(CHIRNE

\FﬁT“ﬁ[,riva i

Declassified in Part - Sanitized Copy Approved for | RéTé";% 56?5765/65 CIA- RDP79BOO873A001900010120 1
_ 8 _2m4 2 \ |
og =3 N7 | g - (52)

(55)
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‘ 2./ Feasibility of Using Rayleigh Scattering Materials
as Rear Projection Screens
D - We now wish to determine the feasibility of these
E _ ' . : materials as rear projection screens using the
g s . . o
equations given in the preceeding section. The
D L - various terms will be studied to better understand
' how each contributes to the overall properties of
D , : Rayleigh scattering.

a. Dependence on the Relative Refractive Index M

v<t§im;‘

Consider first the dependence of the scattering
function and scattering cross section on the

refractive index M

n .
M= EI,?' . (57)

Pl

where n_ and n’ are the refractive indices of

the particles and medium respectively and are

~ assumed to be real. .The function 1 (M), which

" expresses this dependence, is

L (s8)

- el
N

The behavior of ¢ (M), as a function of M, can

.tii_

be seen from Figure 16. As M approaches
infinity, i. e., reflecting metallic spheres,
v (M) azpproaches unity. For practical purposes

.6 < M< 1.7. It seems pointless to consider

values of M less than .6 as this requires a
very high refractive indexlfor the matrix
material, and a metallic matrix is implied for
M = 0. Therefore, to have as large é scattering
cross section as possible, M should be as far
from unity as possible. Clearly for M = O the

glass is "homogeneous" and transparent.

ﬁ*f"ﬁFPer‘w ik
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Wavelength Dependence

Consider next the influence of wavelength
on the relative size of the scattering
cross sections at two different wavelengths,

and the associated scattering function.

‘Choosing Ay = .45 microns, and A, = .65
" microns, we have as the ratio of scattering
- cross sections and intensities of scattered

light

oo T o, m &) T4 (59)

This means if we illuminate a screen composed

of Rayleigh scatterers with light from .45 _

to .65 microns, there will be 4.3 times as much
light scattered at .45 microns as at .65 microns,
assuming only single scattering at .45 microns.
Thus, the scattered light will have an excess

of blue light, while the specular component

‘will have an excess of red. On the other hand,

if we require all of the incident light at .65
microns to be singly scattered we must accept
mixed higher order scéttering over the whole
spectral region. Much of the light at shorter
wavelengths has been scattered so much that, at
best, 50 per cent of it has been scattered in

‘the forward direction, and only a fraction of

this will come through the screen to the viewers

because of total internal reflection.

It is instructive to compute the scattering
coefficient K; and K, for the two extreme
wavelengths, Ay and Y which after the evaluation
of the constants in (54) simplifies to,

= 415 NE-RL : ~ (60)
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;‘" The value of the refractive index term 1 (M),
érﬁ o N | was chosen as .1 from Figure 16, which
- | A corresponds to M = 1,55, Thus, using a
i?ﬁ particle radius of a = .02 microns, which
T is near the upper limit of particle size for
;{ﬁ *Rayleigh scattering at visual wavelengths,
Et" gives '
L C - '
3 . -3 |

R Kl = 1,62 x 10 7, , (61)
- .
;L# . and
L s _
,i : . o -4
e _ | . , K2 = 3,74 x 10 .
LT ‘
. ~This is to say the effective cross sections
- 'which produce scattering are about 1000 times
:tl smaller than the geometrical cross section.
- Therefore, large particle concentrations
;LJ (number/cm3) are required to sufficiently
- diffuse the incident light. |
!LJ ' One of.the major disadvantages of Rayleigh
;FT scattering is the strong wavelength dependence
ELJ .of the scattering function. The blue excess
irj in the scattered light can be corrected by
é:i using a filter with a spectral transmittance'
SLJ T(x): of '
L . T = kY. - (62)
xrw ‘ _  - _’ If such a filter can be used, the screen will
&LJ ' . have a maximum efficiency of 23 per cent,
= ' , S assuming all the light passes through to the
;LJ ' . /' . viewers." This approach will ser&e to improve

s s the balance color, but efficency will be
severely reduced. ' '

AR . B e .

— T , AC RN
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Consider the projection screen consisting of
Rayleigh scatterers, Figure 17. Light

reaching an observer, 0', outside the solid
angle,fl, will consist only of scattered

light and no specular component. This light
Wwill contain an excess of blue which could be
balanced by using the spectral filter previously
. described. InsideJ., most of the screen will
C ' be seen by scattered light. Unfortunately, for

e v ' single scattering at .45 microns, an observer,
w 0, will be able to see through the screen at
.. : wavelengths less than this and see the source
Cal ‘ , by the specular component which will have an

. ‘ excess of red light. Thus, it seems impossible

. | ' to compensate simultaneously for the excess of

. ' -~ blue in the scattered component and the excess

W , of red in the specular component. Since it is

‘s : " undesirable to have any specular transmission,

o ' . from efficiency and viewing considerations, one

1 ‘ ' might suggest increasing the scattering in the

v ,screen until all of the light is at least singly. -
1 ‘ scattered. This approach is impractical because
o |  of the low efficiencies.

ARIS

Figure 17. Two Viewing Geometries, with
N and without a Specular Component

-
AN

.

LR

' ) b ' . S [P “ e
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Angular Dependence

The angular dependence of the scattering
function given by (55) is valid only for
single scattering of unpolarized light.
Therefore, when a range of wavelengths is used
and mixed scattering occurs; one can expect
the shape of the scattering function to be
significantly different at different wave-
lengths. From the symmetry of the scattering
function, Figure 18, it is clear that only
half of the incident light is scattered through -
the material and the other half is back- '
scattered toward the projector. Thus, under‘
the best possible conditions, i. e., monochro-
matic illumination and complete single scat-
tering, the efficiency of the material cannot
exceed .5. It is important to remember that
since the efficiency is based on scattered
light only, any specular transmission results

. in a decrease in the efficiency.

Lk

N

Z6

Figure 18. The Normalized Polar and Rect-
angular Forms of the Scattering
Diagram for Rayleigh Scattering
from a Monochromatic Unpolarized
Beam

;o
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After considering only total internal reflec-
= tion, less than 19 per cent of the light
scattered comes through the screen to form
o | an image, and an equal amount is backscattered.
- The fraction of this trapped exceeds 61 per
cent which degrades the contrast of the image
by a factor of 1.7. '

d. Polarization Considerations

Another effect of the angular scattering is
» ' that the scattered light is polarized to a
‘ degree depending on the angle 9. The frac-

' tional polarization P(g) is given as ,
9 .
. p(e) = 208 (63)
' 1l + cos™p ~

and its behavior is shown in Figure 19. The
cos2 term, in the parentheses of Equation
'_(55), gives the relative intensity of the
scattered component whose electric vector lies
in the plane defined by the incident beam and
the observed scattered beam. The term corres-
ponding to the factor unity in the parentheées
refers to the scattered component whose electric
vector is perpendicular to the plane of
observation. When g = 90°, it is seen that
the scattered light is plane polarized with
its electric vector perpendicular to the incident

‘beam, a well-known result.

~e. . Conclusion -

i Rayleigh scattering theory has been considered

;/ and the general scattering function investigated.

A Separate terms in the scattering function were
considered individually and numerically evaluated-,
to better understand how they contribute to the

.
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[1h '-:,v_ L . ' - scattering function. We have been able to
Lo | ) S show theoretically thg; rear projection '
. screens made from Rayleigh scattering
materials are unsatisfactory for a number
| of reasons. They are inefficient although
Vti?_the scattering function is very broad and

" uniform. Correspondlngly, the resolution

- of such screens is very low. The strong wave-p-v'

Hr length dependence of the scattering functlon_p;l

.F and scattering cross section impose hearly
impossible constraints which, when not met,

‘result in screens which have very poor color

" characteristics. Applications for these . =~

'ermaterials probably lie only in low gain, .

. ¢-% 7" low resolution, monochromatic screens. -

e m:r:rmr S
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L V. Corning Glass Works' Materials

. Some effort has been directed toward other types of rear

e : projection screen materials which do not depend upon
S volume scattering. .It is expected that these alternate
e : approaches will depend as strongly upon available Corning

™ ‘ Glass Works' technologies as upon specific materials.

. - Only those approaches which have been considered in some
‘Fj . - detail are reported. ' '

tj A. Hollow Fibers
}LJ ' We have been investigating the feasibility of using

— . ~ hollow optical fibers with highly reflective coatings
ii;. as a rear vew projection screen material. Conventional .
— ‘ o optical fibers consist -of an inner glass core and a '
. | surrounding outer cladding of a lower refractive index
— ' material. The attenuation of light in a fiber is a

— "~ complex phenomena, but for practical purposes the
e | , internal losses are due to inherent properties of the '
w o ' dielectric core and not to imperfect total internal
?(ﬁ , - reflection. | %

:; - A modified concept is proposed here. This proposes the
i - use of hollow tubes with highly reflective inside walls
r; where lésses are now governed only by the reflective

. properties of the coating and not by the loss tangent

i of the core. These can be manufactured more easily

than the cladded solid core fibers, thereby making them
less expensive. This type of optical fiber is fabric-
ated by Corning (without reflective coatings) and is
illustrated in Figure 20. Such hollow tubes have been
fabricated down to 10 microns in inside diameter with
good control of open area to wall area. In the 10-20
micron diameter region this ratio can be ‘as much as 70/30.
" At smaller dianeters,Awallvthickness remains constant,

but the hole gets smaller and smaller until it becomes

‘a solid fiber. The two major problems associated with

P : " F”Tfﬁ"‘”““aﬁ:
T \ e L
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Figure20. Photomicrographs of two samples of A.hollow
i fibers and one fiber array to be used in ) ‘
preliminary plating studies. ' - |
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producing acceptable fibers are: (1) difficulties

in putting the highly reflective coating on the
inside, and (2) the reflectivity of the coating.

One of the assuﬁed advantages of using hollow fibers
as a rear projection screen material is their
ability to accept a large angular bundle of light.
Unfortﬁnately, a large acceptance angle does not
guarantee a large usable exit angle.

'The number of reflections K, is related to the
. length-to-width ratio r, of the fibers4and the angle
| of incidence g, measured from the axis of the fiber,
Figure 21, by

K=rx tang . L (64)

Figure 21: The Propagation of Light
Through a Hollow Tube

“ -

. K ey S
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The fraction of light transmitted I/Io, is deter-
mined by K and the reflectivity R,

I/I = R\ (65)
A typical value of r might be 300, which corresponds
to an inside diameter of 15 microns and a length of
5 mm. Clearly, K grows very fast because of the
large value of r. Therefore, R must be very near
‘unity. Unfortunately, metals do not have such
reflectivities. Table III gives some typical values
of the reflectivity for a few common materlalszz.
Assume a value for the reflectivity R, of .93 (silver).
Two curves, one for r = 60 and another for r = 300 are
plotted, Figure 22. This clearly shows the consequences
of R not. being near unity, i. e., an extremely small
"effective" acceptance angle results.

The exact value of the effective acceptance angle
depends upon the transmission limit one chooses. For
example, at r = 300, if one chooses the limit of I/Io =
.5, the'acceptance angle 1is less than 2.50. On the
other hand, if we choose the limit by the criterion
'I/IO = .1, the acceptance angle-extends to 7°, an
increase of almost 3. 1In either case the acceptance ’

angle is far too small.

An experiment was conducted to verify this theoretical
work using two, silvered, flat, parallel mirrors, one
above the other. Light was incident at different angles
- and the resulting transmission measured. The results
are shown graphically in Figure 23. These data, for
'r = 10, indicate a constant reflectivity of .96, which
is realistic considering the surface was a newly
- deposited silver film. The problem is made more com-
plicated by differences in the reflectance at two

[ TR R S N

[ L ‘ J\_E l e LL\ . L‘ *l.«r v
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Table III.Reflection Coefficients of Surfaces for
"Incandescent" Light

s e,

. Declassified in Part - Sanitized Copy Approved for Rele_ase 2012/09/06 CIA-RDP79B00873A001900010120-1
. o

Coefficient

Material Nature of Authority
» Surface

Aluminum, "Alzak" Diffusing 0.77-0.81 3

"Alzak" ' Specular 0.79-0.83 3

on Glass First Surface - 0.82-0.86 4
Polished Specular  0.69 3
Black Paper “¥ Diffusing 0.05-0.06 4
Chromium Specular 0.62 4

« Copper Specular . 0.63 4
Gold Specular _ 0.75 1 .
Magnesium Oxide . Diffusing . 0.98 5 §
Nickel .Specular . 0.62-0.64 . 1.3
Platinum Specular 0.62 1 -
Porcelain Enamel Glossy | 0.76~0.79 3
Porcelain Enamel Ground 0.81 3
Porcelain Enamel Matt. 0.72-0.76 3
Silver Polished 0,93 ‘1
Silvered Glass Second Surface 0.88-0.93 3
Snow Diffusing 0.93 2
Steel Specular 0.55 1 ’
Stellite Specular 0.58-0.65 4
25X1
- /.‘.\
) CL/L\_U Lo
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P Figure 22

Transmission Losses
Through a Silvered
Hollow Fiber

Reflectivity R=.93

loﬁ—" P e om R
5° 10° . e

30°
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+ Figure 23. Measured Transmlssion of Two
Silvered Plates .

" different wavelength523_25. This means that as more

rfffand more reflections occur, the light becomes weighted’?s 
either to the blue or to the red depending on which |

S Ihgﬁ_wavelength the reflectance is higher. The 1nten31ty ,
L7 7. ratio of the red to blue is given in Table Iv, note'f"“
U the strong color shifts for K = 100. '

It is obvious from the abOVe discussion, that the f '

.ﬂ5ww_f;~11m1tations imposed by the metallic coatings are b&
“ ' far too severe to consider the appllcatlon of

'”l;metalllzed hollow tubes for applicatlon in rear QLJJ\u

e prOJeCthn screens.**
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Figure 24. Construction of an Ultraviolet
Sensitive Screen

2. A Louvered Screen

A louvered screen, discussed in previous technical
reports and patented by A. H. J. De Lassus St.

Genies 26-28

» has been constructed, Figure 25. _
The screen was made by placing 13 - %" plates of
plastic measuring 1" x 4" together as shown in
Figure 26. A hole was drilled down each side and
bolts were inserted and tightened holding the
blocks firmly together. The top and bottom of the
stack was then machined flat to a .35" overall '
thickness, and the two faces were sanded and

, polished. Each block was numbered and the stack
disassembled. One inside face of each block was
sanded so that when aluminized it would be diffusely

reflecting. Both faces were aluminized and the stack

) e e d
’1/\9!"[ B LA . -t
o ; .
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reassembled. The resulting screen has a usable

area measuring 3 - 3/4" x 3 - 3/8", Figure 27.

An analysis of this model is being made to deter-
mine what major optical problems exist when
viewing this type of screen, and also, some of

the technologies which may be of value in building

.practical samples. . s
- R o e
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Figure 27. A Preliminary Louvered Rear
Projection Screen Model
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A heat absorbing fllter, which cuts out the

major portion of infrared radiation,; mounts

~between the two condensing elements. The second

element focuses the collimated beam from the
first onto a pinhole aperture at the front end

of the collimator.

Collimator

.

Immediately behind the iamp housing, but apart
from it, is the collimating unit which consists

of a collimator, 'a filter holder and a recollim-
ating unit, Figure 30. Light incident on the first
pinhole is collimated by the first lens, then
passes through the filter holder. The holder

accepts any 2 x 2 inch filter which may either

be a narrow band interference filter, a.broadband
spectral filter, or a polarizing'filter. Because _
the beam is spread over a larger area of the filter, " -
there is little chance it will be damaged by o
excessive power as it might be if it were nearer

the source in a more concentrated beam. Also,
inferference filters, because of their nature, must

be used in a collimated beam if they are to function ~
as they are designed. The use of spectral filters
permits data to be obtained on the size of partiéles
in the screen sample, and also theif color fidelity.

to be evaluated.

Behind the filter holder is a recollimator which
consists of a condensing lens, a second pinhole,

and a recollimating lens. This recollimator is

used to eliminate stray light introduced into the ~
beam because of scattering and reflec¢tion by the
filters. It is also useful if additional colli-
mation of the beam is required. Behind the last

collimating lens is an iris diaphram to restrict

T ,.F,. PN

] e 1

W
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the diameter of the beam: When the recollimator
is not being used, it is removed and a second

' diaghram mounts directly to the filter holder.
We have also made provisions to place a mono-
chrometer between the collimator and the sample
holder for detailed spectral studies, if this is
ever required. All of the lenses througﬁout,
except for the first one in the light source, are
identical achromats. They each have a focal length
of 65 mm and a clear diameter of 32.5 mm, resulting
in a relatively fast £/No. of 2.0. , ' '

3. Sample Holder

ro

Two different sample holders have been cbnstructed.
One consists of a glass cylinder 55 mm high and

69 mm in overall diameter, with a 4 mm wall thickness,
Figure 31. Light from the collimating unit enters
this cell through a plane window 1l mm in diameter.
The cell is filled with a liquid whose refractive -
index matches that of the glass sample. This

permits the measurement of the complete scattering
function, as no refraction occurs at the glass-liquid
interface; hence, none of the light is totally"
internally reflected and trapped. This cell will'be'
used primarily to verify theoretical considerations.
A second sample holder consisting of only a clamp
mount will be used to measure the actual viewing
properties of screen samples. Both holders have
provisions for éccurately orienting the sample at

+30°, +45°, 160°, and 90° to the incident beam.

4. Detector ,

The .detector unit consists of optical components
and a multiplier phototube, Figure 32. Two narrowly
spaced achromats focus an image of the object space, .

i. e., the plane of the sample, onto a specially

rY rwmfhw‘“ﬁﬁﬂfm

Declassified in Part - Sanitized Copy Approved for Release 2012/09/06 : CI.A RDP79800873A001900010120 1

- mme p e e
T T T H

B T

wr e e



— 3

RIS rn .
Declassified in Part - Samtlzed Copy Approved for Release 2012/09;’06 CIA RDP79800873A001900010120 1

IR o M ” Uiy — e Vg tviec g

““Clamping Mechanism -

2
‘ [ ——
‘ | lj/‘ 1
| I i Y 4 R I
o . | ‘- . .
i o ' e 1
, ‘ R | i R .
Window ' I | 1 | LT
. ') ) - SRR ; .

E@r 3? .E%Tﬂﬁﬂv I : l = L — } Travel Beamlr _. ‘
Declassmed in Part - Sanitized Copy Approved for Release 2012/99/06 CIA RDP79800873A001900010120 1




‘ N -
XeUIF T T SNy
. i € i ‘\n:

aqn3o30ud

weag [2ARI] /ﬂ

]
)
N -~

S - ¥ opTIs Srouuid
o a{qeabueyoIs3ul

TIAL

j

TNTIAL

T
el
5

dele]

It

1y

r;;:
l

1y

0
¢

CORNT

~

uuoamcmua
mcﬂmﬁuom

- Sanitized'Copy Approved for Release 2012/09/06 : CIA-RDP79B00873A001900010120-1
1
|
|
|
|

E Déclassified in Part

O
I

!
I
L] hJ
|

'

Y e

= T I A

_ CONFIG

- Declassified in Part - Sanitized Copy Approved for Release 2012/09/06 : CiA-RDP79800873A001900010120-1

o oo | ;
_ ——
. hLH\l.l.Hm
i w Sosue] buibeul
sesusarj J93jsuely . _ : m ) .
| Joooo T
A1 I _cmmuomAmcﬂmswwm.me%wxw.w;_,_,r»; o
» . I u _ \—\ 4 e e e B :...‘ .. N . . H : : 4 - .“.”,um.:x s .<m\ h.
Wib ﬁlb C 1 ﬁ]b ﬁlu HFU ﬁiu ﬁlb m.b ﬁ!b ﬁlb ﬁ!b WIU mVu ﬁWb WIL mlb h(b m‘ W\u: |

i



P P W P

Declassmed in Part Sanitized Copy Approved f(l[; Bﬁleﬁgg 29\‘} 211/8%0@ CIA- RDP79B00873A001900010120-1

3

designed aperture. The object space lies in the

front focal plane of the first lens. Light from

.“;

each point in this plane is transformed into a
collimated bundle. These bundles make the same
angle with the optical axis as does the original

source point in the front focal plane. These

T30

F'ibundles are brought to focus forming an image in

the back focal plane of the ‘second lens. This

1

" particular optical configuration permits the
distance between the object plane and image plane
to be one-half as'great as when only a single lens
of equal focal length is used.

.'The special aperture is an aluminized plate inclined

45° to the optical axis. It has a hole in its

T3 )3

center of about 1 mm diameter which restricts the
origin of the light passing through to a small
area on the sample. All of the other light reflects - -

.3 3

A

into a small imaging system consisting of two

smaller achromats and a small rear view screen.

-

[3

o Thus, the light which does not pass through the

aperture to the detector is used to form an image of

the sample onto the rear view screen. This is-used

to ensure that the image of the sample is in focus

on the pinhole aperture.

- A second aperture A, between the first and second

lenses, limits the angular size of the cone of light,

which the first lens accepts. This is extremely

important because even though the optical axis of

the detector makes an angle g with the axis of the

Bon R e e Y e B e A s

collimator, light from a considerably larger angle

can enter the system and contribute to the signal.

T~

» / Thus, to ensure a given angular resolution g, an

[ . - .

" - '// . aperture with a dlameter d must be inserted between
the two lensesJ

:1; (501 63
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sample.

)

5. Control and Display Electronics

mount which permits accurate focusing on the

where F is the focal length of the first lens.
Thus, the light beam producing a signal not only
originates from a very small area on the sample,

but is only a small angular cone of light..

The multiplier phototube is an RCA-7767 having
an S-11 response. All of the voltage-dividing
network for the tube is located on a circular

printed circuit board directly behind it. This

LI _ _ complete unit is mounted on a rack and pinion

—

The light source that will be used is a highly
‘regulated voltage and current supply driving a

150 watt xenon arc lamp. The detector

PM tube is directly coupled into a log

- S - capable of a 3 decade response without
‘ e / This allows compression of the voltage
3 orders of magnitude. The log of the
/  voltage from the PM tube (from the -log

recorder.

- CENFIL AL
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type of control, a variable sensitivity over 3

system is

comprised of a small photomultiplier tube. The
e i? ~ sensitivity of this particular detector will be
.. -+ . adjustable by varying the applied voltage between
; " . 500 and 1500 volts dc. The dynode voltages are
. ;:w'?.‘ developed across a bleader resistor Chaln that 1s
| - adjusted to draw more current than is expected
from any one of the dynodes, forcing the dynode

voltages to remain constant. By utilizing this

orders of magnitude is obtained. The output of the

converter
scale changing.
changes over
appliéd
converter)

is used to drive the y axis of a Hewlett-Packard x-y

3
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- The PM tube is mounted on a rotating arm so that
angular positions from 0° (on the optical axis) to

150° (clockwise rotation) is available for the

- total scan of the instrument. The angular position

is derived from a linear potentiometer mechanically
linked to the rotating arm. The span of rotation
utilizes a simple "on-off" servo mechanism based on

a potentlometrlc type balande. A similar potentio-

" meter is mounted as a front panel control so that

" angular rotation is achieved any time there is a

difference in the;settings of the front panel

control and the angular scahhing potentiometer

" ’. associated with the PM tube. The servo, being an

'bn-off" type, monitors merely the difference in

~* the potential between the two potentiometers and

controls separate relays for either clockwise -or

counterclockwise rotations. These relays in turn

control a high torque dc motor that provides a
constant rotational speéd. The angular position
potentiometer also provides driving signals to the
x axis of the x-y recorder to indicate the exact
angle of the PM tube position.

It has been decided to use a combined monitoring

system whereby the power supplies of the light source,

" detector and other control £unctions, along with
‘the log converter and x-y plotter, will be mounted

in one housing to be used for both goniophotometer «
and the modulation transfer function analyzer. The:
operating controls for this console will be located

on each of the separate test systems. The goniophoto-
meter has a switch for the main power and auxiliary
power for controls as well as a detector "on-standby"
power control. Parallel cabling between the console
and both test systems will allow either one or the

" other units to be in operation, but not both

simultaneously.

) F]PT‘]“‘I l_\(‘_‘ r “ 1
U “-,\f ‘»4‘«‘ . 4“,‘ V'.
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K B. Modulation Transfer Function Analyzer

Modulation transfer function (MTF) theory has been
- extensively used to evaluate the resolution of

P optical systems and components over the last few

_ | years. The MIF is a measure of how well the

; contrast of a particular size detail is trans-

o mitted through an optical system as a function of
- detail size. The measure of detail size is termed
f ; spatial frequency, and is the number of cycles of
i a periodic structure per unit distance. It is

. denoted by R and has units of cycles/millimeter.
As an example, the spatial frequency of the pattern
in Figure 33 is l/xo cycles/m.

o The contrast, y, of a sinusoidal intensity distri-

b bution, Figure 33, is defined as

Imax - Imin _ (Imax - Imin)/2 _ ac_amplitude . '

| ' Y= I + I_._ + Y/2 ~ dc level °

max nmin (Imax Imin

AC AmeltTuoE

1 * , o
U Imean D.C. LevEL

|
g

INTENSITY

EN

Figure 33. The Physical Meaning of Contrast

f . . C e
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It is clear from the above equation and Figure 33 that

.y 1is just the ratio.of the ac amplitude to the mean

dc level. If y,(R ) and y (R ) are the contrasts of
the sinusoidal object and its image respectively, then
the modulation transfer function, T(Rx), can be
defined as ‘

Yi(Rx)

T T YR

Thus, if the MTF is unity at any given value of R, the
two contrasts will be the same, meaning no losses

. occurred in forming an image of that particular size

detail. Conversely, if the MTF had been .5,. the con-

- trast of the image would be half that of the object. ~
. Hence, the MTF is a measure of the loss of information
through a system. Usually, only the normalized

transfer function is used, i. e., T(0) = 1. It should
also be noted that y, and y_  are independent of any
absolute power, and Yy is independent of any uniform

attenuation of intensity in the image forming process.

-The MIF is a useful parameter to use when arriving at

the total performance of a system made up of several

._components. This is because the effects of each com-
_ ponent on the total performance can be considered more

simply in this mathematical formalism, as the MTF of a

'system can be represented as the product of the MTF of

each component.

Although many techqiqués exist for measuring the MTF

of a rear projéction screen, it seems most lbgical to
measure the MIF under exactly the conditions the screen
will be illuminated. This means prOJectlng some type

- of sinusoidal spatial frequency pattern onto it and

measurlng the resulting degradation of contrasts by

‘the screen. Such a system is shown in Figure 34. The -

~ .. sine-wave mask consists of a transparency whose trans-

mission is sinusoidal and has a linear increase of

n [ aalane
r [iﬂrn{-j Hi A’n:"—"qp”
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- o spatial frequency with length. A typical pattern
is shown in Figure 35.

- ' This is projected onto the sample of rear projection
JZJ . screen material by lens L. This image is then
- i . . relayed to a narrow slit or pinhole by a second lens
;??, . é' ;.'ﬂ?~{ L,. As the sine-wave pattern moves across the optical
CoC - o _axis, the image will move acrosg the screen and also
’T?J . . . across the phototube, converting the light intensity
= 1+ 7. into electrical signals. These are then processed

'{j E : f‘f '.-é with suitable electronics to give the contrast of
. e .. the image on the screen as a function of spatial fre-
i:_v .%fjlfJfff&. quency. The MTF of only the screen can be obtained ‘
s - Lo ‘ 'by removing the screen and measuring the MIF of just ff"
3E;';: “}' ¢;;'“5'_ the two lenses. Dividing the MIF of the lenses and

the screen by just the MIF of the lenses leaves the

[j resolution characteristics of the screen. -
ﬁjff.f' ;‘.. o In duplicating a typical projection geometry, the
1% ', ‘;} . _ | important parameter is the size of the angular cone
'Jﬁ?gv‘f'b, _:,f, of light from the lens onto the screen. This can be
ﬂhf: j e controlled by appropriately stopping down lens Ll;

= i
éfh' © - The output from the phototube will look very much
‘"7 " like that shown in Figure 36. The dc level will remain
Wa_‘ PR ... constant, with the amplitude of the ac component
ﬁ{;ﬁf';'éf:iﬁﬂ'}_ﬁv_decreasing with increasing spatial frequency. '

L 3 | e e

e . : o
ﬂﬁjz j: ?
" T
o '.: .
b ' ,

" i o ; ‘

s * i

Figure 36. Phototube Output .
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The signal from the phototube will first be con-
ditioned by means of a unity gain amplifier. This
will match the high impedance of the multiplier
phototube with the low impedance circuitry which

s follows. The signal will now be offset by an amount'
equal to the mean dc level.

After full wave rectification, wjithout filtering,
the signal will be presented to the y axis of an x-y
plotter. The gain of the y input is so adjusted that

when the pattern is at I of the lowest spatial

max
frequency, the pen moves up to the MTF = 1 liné. As
the pattern is now scanned across the screen and the
pinhole, the plotter will trace out the pattern. The’

resulting plot is similar to that of Figure 37.

“« . -

MTF ENYELOPE

3 R (x)

Figure 37. Typical x-y Recorder Trace
of the Resolution Pattern

Since the dc level is constant, the contrast of the
image is just the height of the envelope across the
peaks. This will be measured for the complete system

Lot ,
i ' Lo [
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and then without the screen. Division of the first:
C data by the second gives the MIF of only the screen,
K ,'T],;l;.»- . independent of any other losses.

The heart of the MTF analyzer is the sine-wave

resolution target. The quality of the measurements

made with the analyzer are strictly dependent on the

[ 4

“vquality of the sine-wave target. This target must

'». not have over a few per cent harmonic distortion if
the sine-wave MTF is to be useful and meaningful.

It must also maintain both a constant dc level and

o

e y N a constant contrast, and be strictly linear in spatial .

‘ﬂl, : . frequency. Simple sine-wave patterns of constant

ST e & s R
o .. spatial frequency are available, but they cannot be -

used and are very expensive. Unfortunately, resolution
targets with a continuous variation in spatial fre-

—

quency cannot be obtained; for this reason, we are

'Tj L " making our own. .
iii]“y ' 5, ei . ~ One technique to make these resolution masks consisted
ij h;' :‘t ' o of 'using a long arm Michelson interferometer to '
™ ¢ e . . )

‘¢:”f S @ .- denerate interference patterns which were then recorded
e{? i ‘ on film, Figure 38.. From this many problems. became

{RTPR oo T

ﬁjé o s e n ey evident. First, the 1nten51ty dlstrlbutlon from the
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laser is not uniform but Gaussian, and considerable
expansion of the beam is necessary to get a usable
portion of it which ié uniformly bright. Some of
the advantages gained by using a laser source, i. e.,

ease of alignment and long coherence length, are

~apparently lost because of diffraction patterns
.introduced by apertures, shutters, and specks of

dust in the system. o *

" These problems become quite serious for interfero-

meters with long arms.because of the large size of
the diffraction images. A very short arm Michelson
interferometer has been constructed to test this

,

approach further. It is hoped the short arms will
keep the unwanted diffraction patterns very small.

- The resulting sine-wave patterns will be about 30 mm

square.

Another way of making such masks is to draw the film
past a slit which is being illuminated by a sinusoidally
modulated light beam. The modulation can be produced .
by a wide variety of techniques. This may be done by
modulating either the light source directly or the

~ beam after leaving the source. However, it is usuaily
~. very difficult to accurately modulate any light source.

' Because Tungsten lamps change their color temperature

over a modulation cycle, and since they have severe
frequency response limitation because of the finite
heating and cooling time of the filament, they are

0of no value. This is not the case with xenon lamps,

but the size and position of the plasma ball changes

‘with power levels, particularly when the power drops
t6 almost the threshold level. This also occurs for

fieon laﬁps and gas -lasers modulated through their power

';/supply.
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A better and more practical approach is to modulate

. the beam after it leaves the source. Electro-optical
crystals such as KDP can be used very effectively.
,Unfortunately, they require several thousand volts
to modulate, but this is not an insurmountable

restriction.

A very simple modulator can be made by rotating a
polarizing material in a beam of linearly polarized
light, Figure 39. The intensity I(g) through the
' material, as a functién of the angle between the
.. electric field of the beam and the transmission axis
 : of the material, is

T3

L

i B mame a]

A
A

Ty
~4

I(p) =K Io(l + cos g) .

Here I0 is the incident intensity and K is a cbnstant
which accounts for the density of the polarizer,

7‘ s e v, R . . . I, . A
RPN S A ‘ CYLINDRICAL
:.L ST COLLIMATING LeNs Rl IMAGING LENS
el LENS | 4

sfedw. FiLTer -

_/H -

F

FiLm oLane
R I
'y

1018 PinNoLer

Y =N \
LIt L RotatiNG Pocanszer
o (AnvaLyzer)

SN Polnmlzwo FiLTER

o 5.v  f. ' /’4 - . Figure 39, Optics for the Sine-Wave Target

’:L:" = . . . . " Generator
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regardless of polarization. It should be remembered

that the angle § can only extend to 900, as a

‘ rotation of 120o is equivalent to a g of 600. Conse-
S '’ quently, a full rotation of the polarizing material

‘ ﬂf . , causes two complete cycles of modulation. Thus,.if

' - # is the phase angle of the modulation, g = 2g. This

approach--making the special sine-wave resolution

target--will run parallel with the interferometer

.yAwork just described. .

When the polarizers are so rotated to be most opaque,
their spectral transmittance changes leaving a trans-
".mission window in the blue. To prevent this froh
introducing nonlinear modulation of the beam, the o o
spectral distribution of light from the xenon source
will be limited by an interference filter which peaks
in the green portion of the spectrum. The cylindrical
lens focuses the collimated beam onte the opal glass
which diffusely illuminates the 10-15 micron slit.
, ‘This is then imaged onto the film in a transpoff by ?
TL, "f; - a high quality lens. The spatial frequency R , Obtained : ?
f,; ~V"vfﬁ' in this'way{ is given by
Ry = F
. 'where F is the frequency of rotation of the analyzer
in cycles/sec.,and V is the speed of the film in the
transport in mm/sec. A sine-wave pattern made in this A ‘
way will have a continuously variable frequency from
P ‘ .2 to 10 cycles/mm: hence, for a constant speed of
'.f.? T ' V = 1 mm/sec requires F to vary from .1 to 5 revolutions/
. sec. This pattern will be demagnified 5 times in the
MTF analyzer g1v1ng spatial frequencies from 1 to 50 i

>cycles/mm

The film is of particular importance because it must
record all of the spatial information without loss of

--
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contrast. The film chosen for this is Kodak Type
S0-243, a high resolution aerial film. It has an
ASA speed of 1.6, and as can be seen from the MIF
data for this‘film,‘Figure 40, its response is
essentially flat to 10 cycles/mm and good beyond 250
lines/mm. '
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[j An IBM model 1620 digital computer with a 20K memory was

. used to compute all the necessary light scattering func-
;{:i“_ :f’ fi_ . tions. The computer programs were written using Fortran
- .language and compiled with the PDQ-Fortran processor.

fL: The scattering functions I« (g), I (8), Gain (g), EFF
“&1.ﬁvv o . and the per cent polarization were fdrst computed using
‘. - .  the program "MIE-III". The compressed data of only

‘?"’ : :f .” " Gain @ appear as Appendix A. These raw data were then
ﬁ:;{{MF}% .. - corrected for refraction at the air glass interface and
f%}{t' , ?‘ f> _ for,réflection losses by the program "MIE-S3". New

lJ ;: g_ efficiency functions indicating the fraction of the .
UFV‘ ;!ﬁf ‘incident light which was bagkscattered EBU, trapped by -~
e total internal reflection, ETU, and which actually passed

* through the screen to the viewers, EFU, were also com-_

puted. The corrected data, Gain (9), are presented in

Appendix B, ' ' )

C

Because the function, Gain (p), and the efficiency func-
.tions are the most important single data, they were
" separated from all the other data of the first two pro-

grams by a third program "MIE-Compressor". This pro- o,

e B e B

gram compressed the data into the form in which it

e - |

ijg é . f appears in Appendices A and B. A list of these programs .

#7;' i~;“ll COnStltute Appendix C.‘

?ﬁl ff All of the data were printed directly onto "Ditto" masters
Jﬁr, : by the computer saving considerable time and reducing the

TR

chances of human errors during transcription. It should
be noted that since the greek symbol ¢, used to designaﬁe
L ' ';> particle size, was not available on the printer the
letter "A" was substituted. Also because no data was com-
puted for o = 7 and 9 at M = 1.20, zero's appear in the
compﬁter data at these values. It should be remembered that the
data, Gain (g) , is not strictly valid beyond g -=.5:; however,
for o greater than 5 the shape of the Gain (g) curves still
’;give some measure of the increase in the directivity with
4j_éf7" < ', . the patrticle size parameter q.
SN . o ’ = ) ~r=nn— “
. "~{ hhhhhh S o @[)mmr Lh:udh :KE
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=L LG
EL PROGRAM M I E S OLUTITON - 111 BRUCE HERRICK X 333
N C N " - N -
[F A = REAL PART OF AN
c B = IMAGINARY PART OF AN
- ¢ = REAL PART OF BN
C D = IMAGINARY PART OF BN
Y = FIRST DERIVATIVE OF THE LEGEMDRE POLYNOMIAL
¢ z = A FUNCTION OF THE SECOND DERIVATIVE OF THE LEGENDRE POL YNOMIAL
[ P = TITLE
c NCOF = NUMBER OF CARDS NEEDED TQ INPUT TABLE OF AN AND BN
C INST = STARTING ANGLE
c INSP = LARGEST ANGLE
IDEL = INCREMENT IN ANGLE

DIMENSION A{(S50)sB{50):C{50):D(503:sP{168)sR(I7IVS{(37)sT(37):POL(37)
IF{SENSE SWITCH 01) 290 45

READ 50 NCOF

FORMAT(13)

DO 100 I = 1, NCOF

READ 70 ICHK. A(X)o B{I)s C{I}s D(1} -

FORMAT(I3s IXe FQuGy 11Xy FOaby 11Xy F9:6s 1Xs FOaeb)

IF(I « ICHK) 80s 100, 80 '

CONTROL 102

TYPE 854 1

nouGo

o

5 FORMAT(8HCARD NOee 15, 1X, 3I5HOUT OF ORDER %% CORRECT AND RELOAD ,
11SHLAST DATA BLOCK) : ’
PAUSE
GO TO 40

100 CONTINUE

BEGIN TRACE

CONV = 3,14159 / 180,

READ 150+ P(l79P(2)'P(3)OP(4)99(5)eP(é)’P(7)eP(8)99(9)9P!10)9
D 1P(11):P(22)oP(13)sP(14),P(15)sP(156)

L3

N
o

BEGIN PROCEEDURE 1
CONTROL 971
PRINT150 P(l)sP(Z)aP(S)sP(Q)bP(S)aP(é)oP{?)gp(B)sP(Q)’P(IO)o
IP(31)oP(123sP(13)sP(14),P(15):P(16)
PUNCH150 ¢ P(l)aP(Z)oP(3)vP(@)eP(S)oP(G)sP(?)sP(ﬁ)gP(?)pP(XO)o
D IP(11)sP(12)eP(13)eP(14)sP(15),P(16)
PUNCH 145
PUNCH 145
D PUNCH 145
145 FORMAT{ 1X)
END PROCEEDURE 1
Dzso FORMAT( 16AS5)
READ 160o INST, INSP: IDEL
FORMAT(3I3)
ADEL. = IDEL
D BEGIN PROCEDURE 2
PRINT 170
Dl?Q FORMAT ¢ 6X sSHANGLE s 3Xs 13HINTENSETY 196X 11HINTENSITY 2:4X,

ILIHINTENSITY 3o 85Xs 4HGAINy 6Xo 7HPERCENT)

PRINT 180 v
18Q FORMAT{5X» THDEGREES, #X:; 6HNORMAL: 88X, BHPARALLEL, 6&X»

11 1HUNPOLARIZED, 3Xe 8HFUNCTIUN, 2X, 12HPOLARIZATION)

PUNCH 170

PUNCH 18¢C

FAREIMENTIAR
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PUNCH 145
CONTROL. 951

END PROCEDURE 2

NUM = (INSP = INST) / IDEL + 1
SUMT = Q0 .

DO 280 I = 1, NUM

XX = (Y = 3) % IDEL 4 INST

3 3 3 3 3 3

X = COSE(XX = CONV)
£ = 060 -
F = 0,0
G = 0,0
H = Qa0
DO 240 4 = %o NCOF
A =
IF{J ~ 2) 200¢ 210, 215

00 Y = 1.0
Z = X

D GO TO 230

230 Y = 340 % X
Z = 660 % X % X = 3,0 -
GO TO 230 ' -

'N_.i
- .
n -

IF{J =~ 3) 220, 220, 225
220 Vi = Y

D Wi = 360
W o= 1S5¢ % X
Y = 745 % X % X = 1,5
D Z = X % Y =~ (100 = X % X) % 185, % X
GO TO 230
225 V2 = vi
Vi = ¥
Y = X % (20 % AJ = 160) % V1 / (AJ = 100) = AJ / (AJ = 1.0} % V2
w2 = Wi
Wi = W

W=(200%AJm100 )%V itW2
Z=X%Y = 10 0~X%kX )Y

30 E = E 4 A(J) % Y 4 C(J) % Z
F=F ¢ B(J) * Y 4 D(J) * Z
G =6+ A(J) % 2 & C(J) * ¥
H=H+ B{J) * Z + D(J) * VY
CONTINUE
R{I) = E # E + F % F
S€I) = G % G + M * H
T(I) = (R(I}) + S{I)) / 240
SUMT = SUMT + T(I}

POLLT) = (R{I) = S(I)) 7/ (RCI) + S{1)) * 100,
80 CONT INUE

mmmpmpqmm

ND TRACE -
SUMT = SUMT = (T(1) + T(NUM}) / 2.0
QT = 0,0
N = NUM - 1
K = 90 7/ IDEL + 1
GO TO 30¢

290 READ 291, NUMy Ny K
91 FORMAT(312) v
[T READ 1509 P{1)eP(2)eP(3)oP{4)oP(B)sP(6}sP(7)eP(8)oP(9)oP(10},
IP(11)oP{12)aP{1i3)oP14)},P25),P(16}
D READ 292

£ S E e o, [T A HESHR AR B

Declassified in Part - Sanitized Copy Approved for Release 2012/09/06 : CIA-RDP79B00873A001900010120-1



C Declassified in Part - Sanitized Copy Approved for Release 2012/09/06 : CIA RDP79BOO873A001900010120 1
| , A'”“WW%M%ﬂWMﬁ& S _

492 FORMAT(1X) o : : ,
DO 305 I = 1,y 37 o T
READ 29443 Js XXo R{I)s S{I)e T(I)s POL(I) CoT '

o4 'FDRMAT(I49 2X9 FSe09 66X E1306s 44Xy E1306s 4Xe E1306y HXe F8e3)
IF(I = J) 295, 305, 295 -

95 CONTROL 102
TYPE 85, I
PAUSE

, GO TO 40

305 CONT INUVE
READ 292
SUMT = 040
DG 308 I = 1, N
SUMT = SUMT + (T(I) + T(I + 1)) / 2.0

08 CONT INUE
QT = 0,0

09 DO 310 I = Ko N
QT = QT + (T(I) + T(I + 1)) 7/ 200

io CONT INUE
QT = QT / SUMT
EXECUTE PROCEEDURE 1
CONTROL 951
"PRINT 315, QT

\ PUNCH 315, QT

5  FORMAT(30Xs 13HEFFICIENCY = , F604)
PUNCH 145
PUNCH 145 .

PUNCH 145

i
i
]
i
g
I
i
C
i
i
d
g
L
]
]
]
]
i

7

EXECUTE PROCEDURE 2

V = 1800 /7 ADEL

DO 400 I = 1, NUM

ZT = T(I) / SUMT % V

XX = (I =~ 1) % IDEL + INST

PRINT 3209 1o XXs R(I)e S(I)s T(I)s ZTs POL(I)

PUNCH 320+ 1. XXas R(I)s S(I)s T(I}y» ZTe POL(1)
o FORMAT(I4:1XeF50032X9E136652X0E13c¢632X2E13e692X9F7e354XeF863)
0 CONT INUE

GO TO 40

END

@@E‘éﬁﬁ?mﬁﬁ&&
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13

12

15

25

W N
o

100

108"

110
BEGIN

[
D
i
0.
0
Iy
i
0
0
C
0s
0
0
i
0
0
0
0
1
0
i
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PROGRAM M f E 83 : = : - BRUCE HERRICK X 333
PO 12 £ = %, © ) '
READ 20: Ko 8S(Z)s TIN{I)o TIFP(I) ‘

DIMENSION A{40)e B(40)y C(20)s P(16)¢ SS(20)c TIN(S)s szagy

FORMAT(13, 30Xs E1306s 3Xo E14eT¢ 3Xo E1467)

IFCT ~ K) 1% 125 11

TYPE 108, 1

PAUSE

GO TO B8 A

CONT INUE 3 - : A
DO 15 I = 1s 9 ‘
L= ¢ ©

J = 10 « 1

8S{l.) = 180ec =~ SS(J)

CONT INUE

- CONTROL. 971

AN = 1,8
SUMC = Q.0

READ 285 P(3)@P@EEapﬁa)op(ﬁ}wpﬂs)ePVGSgpf739P€83aP{9)eP€103»

1P(11359@123@?&23?09(1@)99@35)99(36¥

FORMAT{16A5}

DO 30 I = iy 3G

READ 28

FORMATL3IX?

CONT I NUE

CS = 0ol

DO $£40 I = %, 37

READ 100, Jo XX e AlI}e B{I)s CT

IF{1 = 1} @0y 90s 95

SU = CT / 200

CONT INUE .

FORMAT (14 01X oFBe072XosEi35642XeE136802XeE1366)

SUMC = SUMC + CT / 260 4 CS / 2,0

€S = CT :

IF¢Y ~ JY 105, 110, 105

CONTROL 102

TYPE 108, 1 .
FORMAT (BHCARD NDss IS5: 3Xs 33HOUT OF ORDER CORRECT AND RELOAD ®

1iBHLAST DATA BLOCK}

PAUSE
GO TD 20
CONT INUE
TRACE
SUMC = SUMC = SU
CONY = 3,14159265 / 18000
CONVS = CONY % 5,0
PI = 3,14159265
SUMC = SUMC %= CONVS
D 140 I = 15 9
= ACT) % TINCI
B(I} = B{I) % TiP(2Z)
CeI} = (A{L) + BL{I)) / 260
CONT INUE
DO 150 K = 1, ©
I K « 28
o 310 = K
L 9 + K

Bun

INFIDENTIA
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0
C

590
60

SO H“EM

..

ALY = ALI) % TIN(JY)

BEL)Y = B(I) % TIP{J)

CeL) = (ALL) + BUL)Y)) 7 2.0
CONT INUE ,

AK = 2018848112

EBU = C(9) % AK / SUMC

DO 170 I = 1» 8 g
EBU = EBU + {CULI) + C(I + 13) 7 240 % CONVS / SuUMC -
CONT INUE

EFY = caao» % MK / sumc

DO 200 I = 10, 17

EFU = EFU + (CCL) + CCX + 1)) 7/ a@o % CONVE / SUMC
. CONT INUE

ETU = 1.0 =~ (EBU + EFU)

TRACE

CONTROL 071

PRINT 25, P(i)9P{3)9P(3)SP(¢)ap(bﬁap(ﬁboPCT)nPQSDﬁPKQ)aP(30)@
IP{11}sP(12)sP(13)aP(24):P{15),P{16)

PUNCH 25, P(x}eP(abeP(3§gpta)aPQSBQP&6>99(7)s¢£8}@9(939P(103@

IPCIE)oP{I2)sP(13):sP(143,:P(15),P{16)

PUNCH 28

PUNCH 28

PUNCH 28

CONTROL 982

PRINT 300, EFU., ETUs EBU

PUNCH 300, EFUs ETU, EBU

FORMAT {OX ¢OHEFUYU = sF6sb s i3Xs0HETU = sFBe8s 13X 6HEBYU = 4F6ak)
CONTROL 95% '

PUNCH 28

PUNCH 28

PUNCH 28

PRINT 320

PUNCH 320 ‘ :

FORMAT( 6X s SHANGLE ; 3Xs T1HINTENSITY 104Xs11HINTENSITY Z:4Xe
11IHINTENSITY 35 SX» 4HGAIN, 0Xy 7HPERCENT)?

PRINT 330 ‘

PUNCH 330 _

FORMAT{SX, THDEGREES: 4X, GHNORMAL, 8X: BHPARALLEL s, 6X:
13 AHUNPOLARIZEDs 3Xe SHFUNCTIUN, 2X» 12HPDLARIZATION}
CONTROL 951

PUNCH 28

DO 500 I = 1, 18

D = CLIY ® PI / SUMC

@ = (AQR) -~ BLI)}) / (AQL} &+ B(I)) % 1000

PRINT 4005 1o SS(Ile A{Il)s B(1l)s C22)y Dy @

PUNCH 4002 12 SS{1)¢ A€I3ls BlIs C{1)s De O
FURMATﬁi%eEXQFﬁa1@1Xe&lBeﬁaZXaE130692X5E1366g2X$F7@394X5F8@3}
CONTROL, 95%

PUNCH -28

CONTINUE

G0 TG 20

END

E?ﬁﬁﬁf’ﬂf"fﬁﬁﬁ“@”mﬁ
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CUNEEICIVIIAL

PROGRAM MIE COMPRESSOR PROGRAMMER BRUCE HERRICK ELECTaomoprzcs'x-ssa,‘

C

c .

C SET SENSE SWITCH ~ 01p DOWN FOR MIE~III DATA@ UP FOR MZE-SB DATA
C READ THE VALWUE OF M FIRST

c READ TABLE OF ANGLES OF REFRACTION NEXT

C READ DATA BLOCK LAST

C

DIMENSION A(10s 37)c BL{18), X(3s 10)
K = 0

'BEGIN PROCEDURE i

DO 20 K = 1, M

READ 16

FORMAT(1X)

CONT INUE

[

[

I

0

0 |
N7 e eeaceouse s
=

[

[

0

C

oo,

READ 23, IM
FORMAT (F602)
CONTROL 971
PRINT 24, 1M
PUNCH 24, IM .
24 FORMAT (22X . 31HANGULAR GAIN FUNCTIONS FOR M = o F602)
' CONTROL 952
PUNCH 16
PUNCH 16
IF (SENSE SWITCH 01) 100, 25
25 DO 50 I = is 30
M= &
EXECUTE PROCEDURE 1
READ 35¢ X{1o1)
35 FORMAT(43Xs F604)
M = 6
EXECUTE PROCEDURE 1
D DO 50 J = 1s 37
READ 40y AfIo J)
40 FORMAT (57Xe E763)
Dso CONT INUE
PRINT 52
PUNCH 52 ‘
DSF FORMAT (6X; SHTHETA, 2Xo 3HA=1s 4Xe 3HA=2o 4Xe 3HA=3: 4Xs 3HA=4,
f 14X, 3HA=5, &Xp 3HA=G. 4X, 3HAST, &4X, 3HAZ8s 4Xs 3HAZO, &Xe
24HA=10) :
D CONTROL 951
PUNCH 16 ,
DO 80 I = 1o 37
lj L =37 1 + 1
AL = (L -~ 1) % 5

AL = 18000 = AL
[] PRINT 60c Io AL A(15L)9AC20L)oA(30L)0AlasL) oA (SoLIsALBIL)s
1A(7:L)oA{Bl.) s A(DoLIsALL0,L)
PUNCH 60, ¢ AL o A{2oLIsA{25LI A3l 3sAl4oL)cA(SL)eA(H6o)o
D LAL7sL) o A{BsL)oA{OoL)s ACIO0,L)
60 FORMAT{14s 1X¢ F500s 1Xo FboZs 1Xs F6o20 1Xe FHsZs 1Mo F602s 1Xo
1F65:2¢ 3Xo FBo2e 11X FHe2s 11Xy FOale 1Xs FbaZ2y 1Xs F6e2})
Dso CONT INUE
CONTROL. 973
PRINT 240 IM
D PUNCH 24, IM

CONFIDENTIAL
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3 3

C3 3
W

[aXke © o o0
ww - O
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O
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o

N
(o]

£33 C3 C3 €£3 O3 C 30203~ 0l

e

4

CZ]E§[:]

iz
[

-~
0

22 2 )

2= §

SRS

CONTROL 952

PUNCH 16

PUNCH 16

PRINT 83 ‘ - \
PUNCH 83 :
FORMAT {8Xs 1HAs 12Xes 3HEFF)
CONTROL 951

PUNCH 16

DG 90 1I is 10

PRINT 85¢ I¢ X{1c1) "o
PUNCH 85, 1s X(i,1}

H

- PUNCH 16

CONTROL. 951

FORMAT(5Xe I4s 10X: F6e4)

CONT INUE

GO TO 22

IF{K) 101, 10ls 1G9

DO 108 I = 1, 18

READ 105, BL.(1)

FORMAT (FS5,0)

CONTINUE

K =1

DO 120 1 = 1¢ 10O

M = &

EXECUTE PRUCEDURE 1%

READ 110¢ X{1o I)s X{2e1I)s X{341}

FORMAT(15Xs FGabo 19X, FBofis 19Xy FHebd)

M = & ’

EXECUTE PROCEDURE 13

DC 120 4 = 1,y 18

READ 40¢ A(I, J}

READ 16

CONT INUE

PRINT 52

PUNCH 52

CONTRDL. 951

PUNCH 16

DO 150 I = 1. 18

. = 18 » ¥ 4+ 1

PRINT 130¢ 1s BL{I)s A(isL)sA(?oL}QAE3QL}»A(“QL)sA(56L39A(6¢L)9
LAC7 ol } o A(BsL)YsA{O L) 2 ACLO 4L ) '

PUNCH 130, I, BL(I)e A(IaLlaA(Eam)9A{3@L}3A(41L}¢A{5»h)eA(GuL)a
TAL7 L) e AlBsL ) s A(QaL) s ACLO L) '
FDRMAT(;@; iXoe FGs1i 9 Fbelde 1Xp FBo2s 1XRe FHBe2s 1Xp F6s2, iXs
1F6e2s 1Xs FGo2p 1Xs FbBa2s 1Xs F6s2, 1X: FbeZ2s 1Xe F6e2)
CONTROL 951%

PUNCH 16

CONT INUE

CONTROL 971

PRINT 24, IM

PUNCH 24, M

CONTROL. 952

PUNCH 16

PUNCH 15

PRINT 175

PUNCH 175

FORMAT{(8X, 1HA, 11Xe 3BHEFU, i3Xs 3HETU, 13Xe 3IHEBUY)

mmanmenrnreERiEEl 2§
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! 75 ) s .J a.

CONTROL 951
PUMEH 16 )

DO 200 I = 1, 10

PRINT 195, 14 X(1eX)sX(2s1)oX(3s1)

PUNCH 1956 1o X({10I)eX(2e1)pX(301)

FORMAT(SXe 143 10Xy F6oby 10Xe FBels 10Xs Fef4)
PUNCH 16 ;
CONTROL 951

CONT INUE

GD TO 22

END

©
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